We present an experimental demonstration of sum-frequency generation toward tunable picosecond, broadband radiation pulses in the extreme-ultraviolet regime, supported by adiabatically prepared atomic coherences. We drive a two-photon transition in a dense medium of xenon atoms with a long (nanosecond) pump laser pulse at the Fourier-transform-limited bandwidth and with a wavelength of 225 nm. The frequency of the pump pulse is slightly detuned from exact two-photon resonance. In this configuration, the medium is adiabatically driven by a process of coherent population return. The adiabatic passage process generates a maximal coherent superposition of two quantum states with large energy spacing. An additional, short (picosecond) probe laser pulse at a wavelength of 540 nm beats with the maximal atomic coherence and generates a short (picosecond) signal radiation pulse at 93 nm. As compared to conventional (diabatic) frequency conversion, the adiabatically driven maximal atomic coherence yields enhanced conversion efficiency and significantly enhanced stability.
I. INTRODUCTION
The generation of ultrashort laser pulses is a very active field of contemporary research and is of considerable interest to numerous applications in physics, chemistry, biology, and engineering. Ultrashort pulses with durations in the subfemtosecond regime are typically generated by combining phase-locked frequency components from broadband, coherent radiation sources at appropriate short wavelengths. There are several concepts to provide such light sources. One such technique employs high-harmonic generation [1] to yield phase-locked, equally spaced frequency components in the vacuum-ultraviolet (VUV) or extreme-ultraviolet (XUV) spectral range. However, the conversion efficiencies for highharmonic generation are usually quite low, i.e., rarely exceeding 10 −6 . Another technique utilizes generation of high-order Raman sidebands [2] in molecular media, which also provide spectra with equally spaced frequency components. However, Raman sidebands do not usually extend into the regime of short-wavelength (i.e., VUV or XUV) radiation. Thus, the minimal pulse duration, obtained from such a source, is quite limited. Moreover, also in the case of Raman sidebands, the pulse energy obtained from the nonlinear optical process is usually very low.
Coherent-adiabatic preparation of quantized media may serve to overcome some of the above problems, e.g., to significantly enhance the efficiencies of nonlinear optical frequency-conversion processes toward the XUV regime. In particular, the preparation of atomic coherences (i.e., superpositions of quantum states) exhibits a promising path toward efficient frequency-conversion processes. The nonlinear optical polarization in a quantized medium is proportional to the induced atomic coherence. Thus, any subsequent frequencyconversion process in a state of maximal atomic coherence (e.g., a superposition of quantum states with equal probability amplitudes), will be driven with the highest possible efficiency * thomas.halfmann@physik.tu-darmstadt.de [3] [4] [5] [6] [7] [8] . We can induce atomic coherences either by diabatic processes (where the atomic system is strongly affected by the applied resonant radiation field and the system Hamiltonian includes light-matter interaction) or by adiabatic excitations (where it is assumed that for all times, the atomic response is nearly in a steady state with the applied radiation field, and the system Hamiltonian varies much slowly as compared to the time evolution of the state vector within the interaction time). However, coherences induced by diabatic processes are very sensitive to fluctuations in the experimental parameters, e.g., frequency, intensity, or temporal jitter in the driving laser pulses. In addition, diabatic excitations exhibit fast temporal oscillations and do not reach a stable, smoothly varying maximal coherence (discussed in detail below; see Sec. II). Adiabatic processes serve as a powerful alternative here. Adiabatic excitations are robust with regard to fluctuations in the experimental parameters (within certain limits). Moreover, appropriate adiabatic excitation permits the preparation of stable, maximal atomic coherences. As we will show later, this enables efficient frequency conversion.
Frequency-mixing processes at maximal coherence were studied already and applied successfully by several groups [8] [9] [10] [11] [12] [13] [14] . In particular, here we mention experimental work by Harris and co-workers [8, 10] , Marangos and co-workers [15] [16] [17] [18] [19] , as well as by our own team [3, [18] [19] [20] . Several adiabatic passage processes [e.g., electromagnetically induced transparency (EIT) [21] [22] [23] or Stark-chirped rapid adiabatic passage (SCRAP) [24] [25] [26] ] were applied to drive a medium to a state of maximal coherence, followed by efficient frequency mixing. However, adiabatic passage processes are typically implemented with rather long, nanosecond (ns) laser pulses. This permits both long interaction times and a sufficiently large coupling strength during adiabatic excitation. The criterion for adiabatic evolution requires a large product ( τ 1) of the coupling strengths (i.e., Rabi frequency) and interaction time. This is typically much harder to fulfill by (ultra)short pulses. Such pulses offer large intensities, but only during a short interaction time. Thus, while short pulses at large intensities are favorable for frequency-conversion processes, they are not usually appropriate for adiabatic passage processes. Therefore, most experiments on adiabatic excitation utilize long radiation pulses.
Our work aims at combining the advantages of adiabatic excitation, driven by long laser pulses, and frequency conversion, driven by short pulses. In particular, we emphasize the generation of short, picosecond (ps) radiation pulses in the XUV regime, supported by adiabatic preparation of the medium. We apply a multiphoton version of coherent population return (CPR) [27, 28] , driven by a long nanosecond pump radiation pulse, to prepare a dense medium of xenon atoms in a state of maximal atomic coherence. An additional short picosecond probe pulse mixes with the atomic coherence and generates a picosecond signal pulse in the XUV regime. The process may also be understood as sum-frequency mixing of two pump photons and one probe photon, mediated by the enhanced nonlinear optical coupling in the coherently driven medium. We note that observation of the XUV mixing signal versus delay between probe and pump pulse also permits time-resolved observation of the atomic coherence in the medium.
II. BASICS OF ADIABATICALLY DRIVEN FREQUENCY CONVERSION
Any optical property in a quantum system is determined by the population distributions (i.e., the probability amplitudes c i ) among the quantum states. As coherent-adiabatic interactions are capable of manipulating population distributions, they also modify nonlinear optical properties. If the aim is to enhance frequency-conversion processes, the wave equation for the propagation of a radiation field in a medium determines the conditions for appropriate control techniques. The wave equation in a slowly varying envelope approximation for the electric field ε and the polarization ℘ reads
Obviously, the polarization ℘ is the physical property to be controlled in order to manipulate any optical response of the medium. For a simple two-level system of states |1 and |2 , the polarization is ℘ = N µ = N |µ| = c 1 c * 2 , with the atomic density N, the dipole operator µ, and the state vector = c 1 |1 + c 2 |2 . The latter includes the probability amplitudes c 1 and c 2 . The polarization reaches a maximum if the product of the amplitudes (c 1 c * 2 ) is maximal. The product ρ 12 = c 1 c * 2 is called the atomic coherence of the system. Coherence and polarization reach a maximum for equal amplitudes |c . In this case the system is prepared in the state of maximum coherence, i.e., a coherent superposition of the ground and excited states with equal amplitudes. Now our aim is to look for a simple technique to provide such a maximal coherence. Therefore, we will turn our attention to the dynamics of CPR.
Consider the two-level system of bare states |1 and |2 , driven by a pump laser pulse close to resonance (Fig. 1) . Although we assume now a single-photon transition, all of the following arguments hold perfectly true also for multiphoton transitions (e.g., a two-photon transition, as discussed in our experiment below). The population dynamics of the system is described by the time-dependent Schrödinger equation
where (t) = c 1 (t)|1 + c 2 (t)|2 is the state vector, including the probability amplitudes c 1 (t) and c 2 (t) of the states |1 and |2 , respectively. The Hamiltonian in the rotating wave picture reads [29] H =h 2
where the Rabi frequency = µε/h, ε is the electric field strength, µ is the transition dipole moment, and is the detuning from resonance. The dressed states, i.e., the eigenstates of the Hamiltonian including the interaction with the radiation field, read [29] 
with the mixing angle θ (t) = arctan( (t) ). We assume the Rabi frequency (t) to be negligibly small outside a finite time interval t 0 < t < t 1 , that is, outside the pulse duration τ pulse = t 1 − t 0 . We also assume that initially all atoms are in the ground state |1 . If we tune the pump laser frequency to resonance, we will observe fast Rabi oscillations of populations between the two bare quantum states |1 and |2 . Thus, also the atomic coherence rapidly oscillates between 0 and 1 2 [see Fig. 1(a) ]. The average value of the atomic coherence in this case of resonant excitation is |ρ 12 (t)| = 1 4 only. Moreover, the value of the coherence varies quickly, even with small variation in pulse intensity, pulse shape, or detuning. This is the typical behavior of diabatic excitation. It exhibits no favorable conditions for frequency-mixing processes.
Let us consider now the case of detuned excitation. We detune the pump laser frequency slightly from exact resonance, i.e., | | > Thus, the state vector (t) of the system at time t = −∞ is aligned parallel to the adiabatic state | − (t) . If the evolution of the system is adiabatic, the state vector (t) remains aligned always with the adiabatic state | − (t) . During the excitation process (i.e., at intermediate times t 0 < t < t 1 ) the state vector (t) is a coherent superposition of the bare states |1 and |2 . Hence, population is transiently excited to the upper state. However, at the end of the interaction at t = +∞, we get again (+∞) → 0. The state vector (t) at time t = +∞ becomes aligned again with the initial state |1 . The population transferred during the process from ground state |1 to excited state |2 returns completely to the ground state after the excitation process. No population resides permanently in the excited state, no matter how large the transient intensity of the laser pulse may be. This surprising phenomenon is called CPR.
If the peak Rabi frequency (max) is sufficiently large (i.e., (max) ), the mixing angle during the process becomes θ (t) = 
|2 . Thus, the medium is driven to a coherent superposition. The coherence is |ρ 12 (t)| = |c 1 (t)c 2 (t) * | = sin θ (t) cos θ (t) =
FIG. 2. (Color online)
Coupling scheme for CPR-enhanced sumfrequency mixing in xenon. 1 2 . Thus, a maximal coherence shows up during the process. Figure 1 (b) depicts a numerical simulation of the coherence dynamics in CPR. The atomic coherence reaches a smooth, maximal value. We note that the behavior does not change in the case of fluctuations in the experimental parameters, i.e., variations of Rabi frequency or detuning. This robustness is a typical feature of an adiabatic process.
In the experiments discussed below, we apply the CPRdriven maximal coherence in a sum-frequency-generation process, driven by an additional short picosecond probe pulse (Fig. 2) . The temporal dynamics of the conversion process follows the evolution of the maximal coherence during CPR. As a surprising consequence of adiabatic excitation, the conversion efficiency is largely off resonance (CPR case) compared to on-resonance excitation (diabatic case). This is owing to the larger coherence |ρ 12 (t)| = 1 2 in the case of CPR. Therefore, the average conversion efficiency in CPR will be a factor of 2 larger as compared to diabatic excitation. Moreover, CPR suffers far less from fluctuations in the experimental parameters, e.g., pulse intensities, frequencies, or temporal jitter. Also, this important advantage serves to increase the average conversion efficiency.
III. COUPLING SCHEME AND EXPERIMENTAL SETUP
We implemented the experiment in a dense particle beam of xenon atoms. Xenon acts as a typical and efficient medium for the generation of XUV radiation, e.g., by high-order harmonic generation. The coupling scheme is depicted in Fig. 2 [30] in xenon are coupled by a nanosecond pump laser pulse at λ P = 225 nm, tuned close to two-photon resonance. A picosecond probe laser pulse at λ P r = 540 nm mixes with the pump laser (respectively, beats with the maximal coherence established at twice the pump laser frequency) to produce a four-wave-sum-frequencymixing signal at λ S = 93 nm.
The nanosecond pump pulse with Fourier-transformlimited bandwidth is generated as follows (see Fig. 3 laser (Coherent 899), pumped by an argon-ion laser (Coherent Sabre). The output of the ns-OPO follows the frequency tuning of the titanium:sapphire seed laser. Typically we applied a single-longitudinal-mode tuning range of 10-30 GHz. The output of the ns-OPO at a signal wavelength of 616 nm is frequency mixed in a β barium borate (BBO) crystal, with some remaining radiation at 355 nm from the pulsed Nd:YAG laser to provide the nanosecond pump pulse at λ P = 225 nm. Typically we obtain a pump pulse energy of up to E P = 1 mJ at a pulse duration of τ P = 3.8 ns [full width at half maximum (FWHM)]. Owing to injection seeding, the bandwidth of the pump pulse is Fourier transform limited. The pump beam is mildly focused by a fused silicia lens (f = +300 mm) into the xenon particle beam. The beam waist in the interaction region is ∼100 µm, providing laser intensities up to the regime of GW/cm 2 . The picosecond probe laser pulse is generated as follows: A picosecond oscillator (Coherent MIRA), pumped by a continuous-wave Nd:yttrium vanadate (YVO) (Coherent VERDI), generates a train of short picosecond pulses at 769 nm. These pulses serve to pump a ps-OPO (APE OPO pp-automatic) to generate tunable, short picosecond radiation pulses with a Fourier-transform-limited bandwidth λ P r ≈ 0.5 nm, pulse duration τ P r = 1.3 ps (FWHM), pulse energy E P r = 4 nJ, and repetition rate of 76 MHz. In our experiments we tuned the ps-OPO to wavelengths of approximately λ P r = 540 nm. The output of the ps-OPO is amplified in a pulsed dye amplifier (Spectra Physics PDA) to generate intense, short picosecond pulses with pulse energies of up to 100 µJ at a repetition rate of 20 Hz. The PDA is pumped by the third harmonic of a pulsed, injection-seeded Nd:YAG laser (Spectra Physics, GCR-4). The picosecond probe beam is focused by a BK7 achromatic lens doublet (f = +150 mm) into the particle beam and overlapped with the nanosecond pump beam. The beam waist of the picosecond probe laser in the interaction region is ∼ 30 µm, yielding peak intensities up to the regime of THz/cm 2 . In the interaction region, the pump and probe laser beams intersect the xenon beam, which is generated by adiabatic expansion out of a pulsed nozzle (General Valve, opening diameter 0.8 mm, stagnation pressure typically 600 mbar). The laser pulses are focused into the atomic jet 1 mm downstream from the nozzle orifice. The Rayleigh lengths of pump and probe beam are in the range of 1 cm, i.e., significantly longer than the extension of the particle beam in the interaction region (i.e., ∼1 mm). Therefore, variation of the laser intensities along the propagation direction inside the medium is negligible. In parallel to the experiment, we monitor single-shot laser pulse energies on fast photodiodes. This enables us to apply energy filtering to minimize the effect of intensity fluctuations during excitation, as well as to monitor signal versus laser intensities.
The XUV signal radiation at λ S = 93 nm, generated by sumfrequency mixing in the atomic jet, travels collinearly with the pump and probe beams into a spectrometer (Model VM-502, Acton Research, arm length 20 cm), equipped with an iridiumcoated concave grating (f = 20 cm, 1200 grooves/mm). The spectrometer serves to separate the XUV signal from the pump and probe beams. After passing the spectrometer, we detect the XUV signal beam on a microchannel plate and process the experimental data in a fast digital oscilloscope or a personal computer.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Determination of appropriate conditions for CPR
As the basic discussion on CPR indicated, we require a sufficiently large Rabi frequency to drive the adiabatic passage process. This is owing to two reasons: First, only at large Rabi frequencies do we get a maximal coherence, i.e., a superposition of ground and excited states with equal amplitudes. Second, the criterion for adiabatic evolution demands a large product of Rabi frequency and interaction time. We note that, in terms of incoherent excitations, both conditions correspond to "saturation" of the relevant transition.
In the case of our two-photon transition in xenon, we calculate an effective two-photon Rabi frequency (2) P [29] , which we may use in the above discussion of CPR equivalent to a single-photon Rabi frequency:
The expression includes single-photon transition moments [30] from ground state |1 to all possible arbitrary intermediate ("virtual") states |i , and from all intermediate states |i to the excited target state |2 , as well as detunings of the pump laser from the corresponding single-photon transitions. As the two-photon transition involves two photons from the pump laser, the effective two-photon Rabi frequency is proportional to the square of the electric field. We estimated the two-photon Rabi frequency on our pump transition in xenon by taking all energy levels |i up to state 5p 5 7s[3/2] 1 into account. If we relate the Rabi frequency to the pump laser intensity, we get an effective two-photon Rabi frequency of P ≈ 2π × 2.6 GHz per 1 GW/cm 2 . In the experiments discussed below, we deal with typical nanosecond pump laser intensities slightly above 1 GW/cm 2 . In this case, we get for the product P τ P ≈ 60 1. Thus, we fulfill the criterion for adiabatic evolution.
We confirmed this conclusion experimentally by monitoring the efficiency of our four-wave mixing process versus laser intensities. Figure 4 shows the relative intensity of the generated XUV radiation at 93 nm as a function of the nanosecond pump laser intensity [see Fig. 4(a) ] or as a function of the picosecond probe laser intensity [see Fig. 4(b) ]. The XUV intensity increases for nanosecond pump intensities of up to 0.8 GW/cm 2 [see Fig. 4(a) ]. For pump intensities above 0.8 GW/cm 2 the conversion process saturates. This confirms our above estimations for the required pulse intensity in adiabatic excitation.
We also note that the conversion efficiency does not show any sign of saturation when we vary the picosecond probe laser intensity [see Fig. 4(b) ]. The signal grows linearly with the probe intensity. Thus, we do not drive the system strongly with the picosecond probe pulse, which is important in order not to interfere with the adiabatic preparation process.
Finally we note that we also estimated the effect of ionization from the excited state, driven by pump pulse and probe pulse. The pump laser couples the excited state deep into the continuum. In this case we deduce from literature an 063817-4
FIG. 4. (Color online) (a)
XUV signal vs pump intensity while the probe intensity is kept fixed. (b) XUV signal vs probe intensity while the pump intensity is kept fixed. In both cases, the frequency of the pump laser is detuned by = +3 GHz from exact two-photon resonance, i.e., the medium is driven in the CPR configuration. The laser pulses are coincident. Black hollow circles depict single-shot experimental data. Red solid lines indicate averaged experimental data.
ionization cross section of σ c = 0.85 Mb [31] , which yields an ionization rate of P ≈ 2π × 1 GHz per GW/cm 2 . Thus, for nanosecond pump intensities in the range of GW/cm 2 , we get the product P τ P ≈ 20. As P τ P is much smaller than P τ P ≈ 60, ionization by the pump laser does not significantly disturb adiabatic evolution of the system. By considering ionization by the probe laser, we find that the latter pulse couples the excited state into the vicinity of autoionizing states (AISs), in particular, close to state 13d 2 [3/2] 1 . Such AISs dramatically change the structure of the continuum and the ionization rate. Depending on the detuning of the probe laser from the 7p 2 [1/2] 0 -13d 2 [3/2] 1 transition, the ionization cross section may increase or decrease by orders of magnitude [32] . Specific data on the ionization cross section for ionization from state 7p 2 [1/2] 0 via the AIS 13d 2 [3/2] 1 do not exist in literature. Therefore, we cannot give a value for the ionization cross section σ P r nor can we calculate the product P r τ P r . However, our experimental data on CPR-driven frequency conversions indicate that ionization by the probe laser must be quite small as it obviously does not affect the conversion process. We also note that ionization losses affect both diabatic excitation and CPR. Thus, even under conditions of stronger ionization, we may draw conclusions from a comparison of diabatic and CPR-driven frequency conversions.
B. CPR-enhanced frequency conversion toward the XUV regime
Now we discuss experimental results for four-wave mixing under conditions of diabatic excitation (i.e., on resonance) and excitation by CPR (i.e., slightly detuned from resonance). We drive the dense medium of xenon atoms by the nanosecond pump pulse at 225 nm and mix the maximal coherence with the picosecond pulse at 540 nm to obtain a picosecond XUV pulse at 93 nm. Figure 5 shows the intensity variation of the XUV signal versus detuning of the nanosecond pump laser from twophoton resonance. The nanosecond pump pulse and picosecond probe pulse are temporally coincident, with a residual temporal jitter of ∼1 ns owing to limits in the synchronization of the two independent nanosecond and picosecond laser systems. Figures 5(a) and 5(b) differ by the applied nanosecond pump laser intensity. In Fig. 5(a) the pump laser intensity is I P = 0.05 GW/cm 2 . In Fig. 5 (b) the laser intensity is I P = 1.2 GW/cm 2 . These values correspond to Rabi frequencies of (a) P ≈ 2π × 0.1 GHz and (b) P ≈ 2π × 3.1 GHz. Thus, in Fig. 5(a) we operate well below the limit of adiabatic 063817-5 FIG. 6. (Color online) Shot-to-shot intensity variation of the XUV signal in the case of diabatic excitation on two-photon resonance (blue solid triangles) and off-resonant excitation in CPR (red hollow circles). The detuning in CPR is = +3 GHz. The laser pulses are coincident. Intensities are the same as in Fig. 5(b) . The mean value of the XUV intensity in CPR is normalized to 1. The mean intensity in diabatic excitation is 0.6. The standard deviation of the experimental data in the case of CPR is σ = 0.1, and in the case of diabatic excitation is σ = 0.3.
evolution. In Fig. 5 (b) we operate well above the limit of adiabatic evolution, which also permits CPR.
In the case of small pump intensity [see Fig.5(a) ] the four-wave mixing signal exhibits a maximum at two-photon resonance. The spectral width of the resonance is 3-4 GHz (FWHM), i.e., determined by Doppler and collision broadening in the atomic beam. When we increase the nanosecond pump intensity, the line shape changes significantly. Figure 5 (b) clearly reveals a dip in the center of the resonance and an off-resonant enhancement of the conversion efficiency. The latter is owing to CPR-enhanced frequency conversion, involving a maximal coherence. The conversion efficiency in CPR is a factor of 2 larger as compared to resonant excitation, which we also expect from theory. We note that the total linewidth in Fig. 5(b) is in the range of 8 GHz (FWHM). This is owing to a convolution of the Doppler width (i.e., 3-4 GHz) and power broadening, which is given by twice the Rabi frequency (i.e., 6-7 GHz). We also note that there is no shift of the line center in Fig. 5(b) as compared to Fig. 5(a) , even though the nanosecond pump intensity is quite high in the latter case. Thus, dynamic Stark shifts, which could perturb adiabatic processes, do not play a role here.
In the above experiment we applied energy filtering of the driving laser pulses to reduce the effect of intensity fluctuations. In parallel to data collection, we measured the intensity of the laser pulses on fast photodiodes and programmed our data-acquisition system to collect only data points inside a certain intensity window. Typically we applied an energy filter to reduce shot-to-shot intensity fluctuations to below 5% in the pump pulse and to below 1% in the probe pulse. However, owing to additional jitter, e.g., in the temporal synchronization of pump pulse and probe pulse, we still observed strong fluctuations on the XUV signal intensity. Figure 6 shows the shot-to-shot intensity variation of the XUV signal in the case of diabatic excitation (solid blue triangles) and CPR (red hollow circles). The difference between diabatic excitation and CPR is very obvious: In CPR the signal stays on a high level with moderate fluctuations, while in diabatic excitation the fluctuations are huge. The strong fluctuations cover the full range between zero and unity, although the mean signal level is low. This behavior clearly mirrors the robustness of adiabatic preparation. CPR establishes a smooth atomic coherence, while diabatic excitation yields fast Rabi oscillations in the coherence. Thus, temporal jitter between probe pulse and pump pulse (i.e., between probe pulse and atomic coherence) as well as other fluctuations in the experimental parameters lead to strong fluctuations in diabatically driven frequency conversion. CPR-enhanced frequency conversion does not suffer from these problems and maintains a strong XUV yield under stable conditions.
We also observed this typical difference between CPR and diabatic excitation when we monitored the temporal evolution of the atomic coherence. Figure 7 shows the XUV signal versus delay between probe pulse and pump pulse delay for diabatic excitation [see Fig. 7(a) ] and CPR [see Fig. 7(b) ]. In the case of CPR, the flat plateaulike structure with moderate intensity fluctuations is strong evidence for adiabatic coherence dynamics [see Fig. 7(b) ]. In the diabatic case, the mean signal level is smaller and the fluctuations are much stronger, i.e., covering the full range between zero and the maximal signal in CPR. This mirrors fast Rabi oscillations of the diabatically driven coherence between |ρ 12 | = 0 and . We note that we cannot fully temporally resolve the fast Rabi oscillations with frequency P ≈ 2π × 3 GHz ≈ 20 ns −1 . This is owing to residual temporal jitter between the probe pulse and pump pulse, as well as averaging over spatially varying Rabi frequencies in the pump laser profile. Nevertheless, the strong XUV signal fluctuations in the case of diabatic excitation provide strong evidence for fast Rabi oscillations in the atomic coherence.
The above data clearly indicate the advantages of adiabatic frequency conversion, driven toward the XUV regime, applying a "hybrid" scheme to establish an atomic coherence by a long nanosecond pulse, and exploiting the coherence with a short picosecond pulse. We note that the generated XUV radiation is tunable in wavelength, as the driving picosecond probe pulse from our ps-OPO is tunable. In a future perspective, the technique also offers possibilities to mix ultrashort (femtosecond) pulses or a white-light continuum with the CPR-driven coherence. This will permit conversion of very broad spectra to the XUV under robust adiabatically driven conditions of operation. Finally, this may support generation of pulses of subfemtosecond duration.
As a first step toward this long-term goal and as a final test of our investigations above, we mixed short picosecond pulses of enlarged spectral bandwidth to the CPR-driven atomic coherence. We provided the probe pulses at variable bandwidths by manipulating the resonator alignment in the ps-OPO. Thus, we could operate our experiment either with picosecond pulses of a Fourier-transform-limited bandwidth at ∼0.5 nm, or with short pulses of the same pulse duration, but with a variable bandwidth of up to ∼4 nm. We note that the pulse duration and pulse energy were kept fixed. We mixed picosecond probe pulses at enlarged bandwidths with the CPR-driven maximal coherence and monitored the XUV yield versus the pulse bandwidth (see Fig. 8 ). The data clearly show that the XUV yield remains constant when the bandwidth of the pulse increases (provided the pulse energy and duration is kept fixed). Thus, it is possible to mix a broader spectrum to the maximal coherence. We also confirmed this result by mixing the CPR-driven coherence with picosecond pulses at a Fourier-transform-limited bandwidth, but tuning the wavelengths of the ps-OPO between 537 and 545 nm. Also here, the XUV yield remained constant. These results support our ideas on future projects to convert ultrashort pulses and/or spectra of large bandwidth in a CPR-driven medium.
V. CONCLUSIONS
We investigated sum-frequency generation toward short XUV radiation pulses, supported by an adiabatic process. A long nanosecond pump laser pulse adiabatically drives xenon atoms close to a two-photon transition toward CPR. During CPR the medium is prepared in a coherent superposition of a ground state and an excited state with equal probability amplitudes, i.e., a maximal atomic coherence. The atomic coherence serves to enhance the nonlinear optical polarization in the medium. This supports any coincident frequency-conversion process, e.g., sum-frequency mixing, driven by an additional short picosecond radiation pulse. Thus, the concept exhibits a favorable "hybrid" combination of long-pulse adiabatic preparation and short-pulse frequency conversion.
In our first experiment, we studied the dependence of the XUV yield with regard to the detuning of the nanosecond pump laser from the two-photon resonance. The spectral line shape shows the typical, though still surprising, behavior of CPR: The conversion efficiency reaches a maximum when the pump laser is slightly detuned from exact two-photon resonance and drives the medium adiabatically. The maximal XUV yield in the case of CPR is a factor of 2 larger as compared to resonant (i.e., diabatic) excitation. We also monitored XUV signal fluctuations in the case of diabatic excitation and CPR. The XUV yield is much more stable in the case of CPR. This is owing to the stable, adiabatically driven maximal coherence, while conventional diabatic excitation leads to fast variations in the atomic coherence. We also confirmed this feature of CPR-driven frequency conversion by monitoring the XUV yield versus the temporal delay between the picosecond probe pulse and the nanosecond pump pulse. In CPR, the plateaulike structure of the XUV yield indicates an adiabatically driven, stable atomic coherence. In the case of diabatic excitation, pronounced XUV signal fluctuations mirror fast Rabi oscillations of the atomic coherence.
Finally we performed a test experiment to apply the maximal atomic coherence also in a frequency-conversion process, driven by a short radiation pulse with an enlarged spectral bandwidth (i.e., up to 4 nm). The XUV yield remains constant when the spectral bandwidth of the probe pulse increases. In perspective, this enables frequency conversion of ultrashort (femtosecond) probe pulses or white-light continua toward the XUV, under favorable conditions of an adiabatically driven medium. All our experimental data clearly demonstrate the advantages of adiabatically driven nonlinear optical processes, also involving short picosecond pulses and also applied to frequency conversion toward the regime of short-wavelength (XUV) radiation.
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